We have investigated the temperature-dependent currentvoltage (IV) characteristics of Ti Schottky structure on the Si-on-insulator (SOI) in the temperature range of 175375 K by steps of 25 K. As decreasing temperature, the barrier height and ideality factor of Ti/SOI Schottky contact were found to be decreased and increased, respectively, indicating a considerable deviation from the ideal thermionic emission model in its current conduction mechanism. From the linear relationship between the barrier heights and ideality factors, the homogeneous barrier height was calculated to be 0.76 eV. The mean barrier height of 0.87 eV and the modified Richardson constant value of 30.63 A·cm ¹2 ·K ¹2 were obtained using modified Richardson plot. On the basis of a thermionic emission mechanism with a Gaussian distribution of the barrier heights, the temperature-dependent IV behavior of Ti/SOI Schottky contact was explained in terms of barrier height inhomogeneities at the interface between Ti and SOI.
Introduction
Over the past few decades, metal-semiconductor Schottky structures play an important role in the microelectronics industry. 13) In particular, the fabrication of reliable and well-controlled Schottky contacts are essential for successful device operation. Until now, Ti has been widely used as a contact material for the practical device application due to its excellent adhesion on Si surface and low work function that promotes the formation of high barrier height on p-type Si. 4) With the ever-increasing demand for the continuous scalingdown of complementary metal oxide semiconductor (CMOS) devices, Si-on-insulator (SOI) devices have been on demand due to their advantages such as lower parasitic capacitance, better sub threshold characteristics, superior electrical isolation and immunity to short-channel effects over conventional bulk Si ones. 58) As considering the prominent features of SOI, the fabrication of Ti Schottky contact to SOI can be expected to offer the promise of realizing high performance device. Moreover, a detailed knowledge about the electrical characteristics of Ti/SOI Schottky contact is substantially important for further improvement of device performance. Generally, the analysis of the currentvoltage (IV) characteristics of Schottky contacts obtained only at room temperature does not give complete information about the carrier transport across the Schottky barrier and about the nature of the Schottky barrier formed at the metal-semiconductor interface. In fact, it neglects many possible effects that cause non-ideality in the IV characteristics. On the other hand, the temperature-dependent IV characteristics gives a better understanding of the conduction mechanism and to understand different aspects that shed light on the validity of various processes involved. 9) In the present work, we fabricated the Ti Schottky contact to p-type SOI, and evaluated its electrical properties. Especially, temperaturedependent IV characteristics were performed and it will be shown that based on the assumption of the Gaussian distribution of barrier heights, the inhomogeneities of barrier height at the interface are responsible for the temperature dependency of Schottky barrier parameters of Ti/SOI Schottky contact.
Experimental Details
The p-type (100) UNIBOND SOI wafers with a resistivity of 10 ³·cm were used as a starting material. The thicknesses of the top Si and buried oxide (BOX) layers were 100 and 200 nm, respectively. Initially, the SOI wafers were cleaned in an ultrasonic bath of acetone and methanol, immersed in a diluted HF solution (H 2 O : HF = 100 : 1) to remove the native oxide and finally rinsed with de-ionized (DI) water. To form Schottky contacts, 30 nm-thick Ti films were deposited by means of radio-frequency magnetron sputtering at room temperature. The circular Ti Schottky contacts were defined with a diameter of 200 µm, around which Ohmic contacts were formed by the sputter deposition of 50-nm thick Ni films separated by a distance of 100 µm. Generally, since Ni has a high work function (5.15 eV), it has been widely employed to form Ohmic contact to p-type semiconductor. 10, 11) For a comparison, Ti Schottky contacts to p-type bulk Si were fabricated using same process conditions. The temperature-dependent IV measurements were performed using a precision semiconductor parameter analyzer (Agilent 4156C).
Results and Discussion
The IV characteristics of Ti/SOI Schottky contacts are evaluated as a function of forward and reverse bias conditions at temperature interval (175375 K) and illustrated in Fig. 1 . The Schottky diode parameters such as barrier height and ideality factor are analyzed only in the forward bias region of IV characteristics as considering the field dependence effects of the carrier transport under reverse bias condition. When the carrier transport governed by thermionic emission, the current through the barrier of a Schottky contact (from the semiconductor into the metal) is given by 1214)
where V is the definite forward-bias voltage across the junction, q is the electronic charge, k is the Boltzmann's constant and T is the absolute temperature in Kelvin and I 0 is the saturation current ensuing from the straight line intercept of the ln IV plot at V = 0 and is expressed as 13, 15) I
where, A is the diode area, A* is the Richardson constant of 32 A·cm
¹2
·K ¹2 for p-type Si, 16) ) bo is the zero bias effective barrier height and n is the ideality factor which is a measure of conformity of the diode to pure thermionic emission. The ideality factor is obtained from the slope of straight line portion of the forward bias ln IV characteristics from eq. (1) and it can be written as
From eq. (2), the barrier height is given by
The values of ideality factor and barrier height calculated using eqs. (3) and (4), respectively are summarized in Fig. 2 .
It is clear that from IV characteristics at the room temperature, Ti Schottky contacts to SOI exhibits worse Schottky-barrier behavior than Ti/bulk Si Schottky contacts (the inset of Fig. 1 ). For instance, the barrier heights are calculated to be 0.64 and 0.70 eV for Ti Schottky contacts to SOI and bulk Si, respectively. Furthermore, the ideality factor of Ti/bulk Si Schottky contact is 1.12 whereas the Ti/SOI Schottky contact shows a higher value of ideality factor being 1.33. It should be noted that the barrier height and ideality factor extracted from Ti/bulk Si Schottky contact are comparable to previously reported values by Ohta et al. 4) When considering Ti/bulk Si and Ti/SOI Schottky contacts, they are fabricated using same process conditions, the degraded IV behavior of Ti Schottky contacts to SOI seems not to be associated with process damages occurring during device manufacturing. On the other hand, the inferior performance of Ti/SOI Schottky contact relative to the Ti/bulk Si Schottky contact could be attributed to the quality of SOI film. Unlike to conventional Si wafers, the SOI wafers have more metallic contamination, structural defects and surface roughness in the top Si layer which might be introduced during the fabrication process of SOI wafers. 17, 18) It seems that these imperfections of SOI wafers could be a main cause of the barrier height inhomogeneity, which makes the IV characteristic of Ti/SOI Schottky contact worse as compared to the Ti/bulk Si Schottky contact. Non-ideal IV characteristics of Ti/SOI Schottky contact shown in Fig. 1 implies the deviation from pure thermionic emission theory. Theoretically, the barrier heights and ideality factors obtained from ideal IV characteristics governed by pure thermionic emission should be independent of temperature.
The barrier height can be determined in another way by using the Richardson plot of ln(I 0 /T 2 ) versus 1000/T, as shown in Fig. 3 . The eq. (2) can be rewritten as
According to eq. (5), the plot should yield a straight line with the intercept yielding the Richardson constant. The slope yields the activation energy, if the Schottky barrier ) bo is independent of temperature T. The bowing of the curve demonstrates that it is impossible to fit our data with a temperature-independent barrier ) bo . Therefore, the barrier 
·K
¹2 for p-type Si). 16) The deviation in the Richardson plot may be due to the spatially inhomogeneous barrier heights and potential fluctuations at the metalsemiconductor interface with low and high barrier areas. That is, the current through Ti/SOI Schottky contact flows preferentially through the lower barriers in the potential distribution.
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It should be, however, noteworthy that the ideality factor and barrier height of Ti/SOI Schottky contact are strong function of temperature, as shown in Fig. 2 . For instance, the barrier height increases with increasing temperature, while the increase in temperature leads to the decrease in ideality factor. At lower temperatures, the carriers do not have sufficient energy to surmount the high barrier. Therefore, the current transport is dominated by current flowing through the patches of lower Schottky barrier height, resulting in the higher ideality factor. As increasing the temperature, more carriers gain sufficient energy to surmount the higher barrier. 19, 22, 23) As a result, the current transport is dominated by the current that flows over the higher barrier and hence the ideality factor decreases at higher temperatures. This anomalous temperature dependence of the barrier height and ideality factor could be associated with the nature of inhomogeneous Schottky barrier consisting of a combination of low and high barrier patches with individual crosssectional areas, as suggested by many researchers.
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Additionally, the variation in Schottky barrier height with temperature is fitted using following equation
where, ) b (T) is the temperature dependent Schottky barrier height, ) bo (T = 0) is the Schottky barrier height at 0 K and ¡ is the temperature coefficient. The fit of eq. (6) to the data of Schottky barrier height shown in Fig. 2 yielded ¡ = 1.04 © 10 ¹3 V/K and ) b0 (T = 0) = 0.32 eV in the temperature range of 175375 K. The barrier height values obtained increase with increasing temperature exhibiting a positive temperature coefficient which is inconsistent with the variation of the energy band gap with temperature that exhibits negative temperature coefficient. This discrepancy stems from the inhomogeneity of barrier height. 28) These inhomogeneities are explained by considering the Gaussian distribution of barrier heights that will follow later.
The temperature dependence of the ideality factor n can be more understood by a plot of nT versus T as shown in Fig. 4 . Generally, the temperature dependence of the ideality factor n(T) has been frequently found to have the form of n(T) = 1 + T 0 /T, where T 0 is a constant independent of temperature. 1, 21, 29) T 0 is the measure of the temperature dependence of the ideality factor. From the linear fit to the nT ¹ T plot, the T 0 was calculated to be 150 K, indicating the presence of the T 0 anomaly in the Ti Schottky contact to SOI. 29) Such parametric dependence is typical for a Schottky contact with a distribution of barrier inhomogeneities. Moreover, the deviation from linearity in a plot of nT vs. T could be associated with the high value of ideality factor since the ideality factor is governed by the current flow through the distribution of more low Schottky barrier height patches. Figure 5 represents the plot of experimental barrier height versus the ideality factor for the Ti/SOI Schottky barrier diode for various temperatures. The least square fit of the experimental data in the plot indicated a linear relationship between the barrier height and the ideality factor. This may be attributed to lateral barrier inhomogeneities in Schottky diodes. 30) From the extrapolation of the experimental barrier heights versus ideality factor plot to n = 1, a homogeneous barrier height is calculated to be 0.76 eV. According to Henisch, 15) fluctuations in barrier heights are unavoidable, as they exist even in the most carefully fabricated systems. Thus, it can be hypothesized that the significant decrease in the barrier height and increase in the ideality factor of Ti/SOI Schottky contact, especially at low temperature may be due to the barrier inhomogeneities. A similar behavior was also observed by Schmitsdorf et al. 30) They found that a linear reduction of the effective barrier heights with increasing ideality factors in Si and GaN Schottky contacts could be attributed to lateral inhomogenous barrier heights.
As mentioned above, temperature dependent IV characteristics of Ti Schottky contact to SOI clearly reveal that its carrier conduction deviate from pure thermionic emission model. In order to quantitatively explain the non-ideal IV behavior of Ti/SOI Schottky contact, an analytical potential fluctuation model on spatially inhomogeneous Schottky barrier diodes was employed. The different types of barrier distribution function at the interface have been proposed by several researchers. 20, 23, 27, 31, 32) Among them, Gaussian distribution function has been widely used to describe the spatial variation of barrier heights in inhomogeneous Schottky diodes due to its simplicity, clear physical meaning and validity for small barrier inhomogeneity and moderate size of low-barrier patches. 33, 34) In particular, it is well accepted to correlate the experimental data. 35) A spatial distribution of the barrier height at the metal-semiconductor interface of Schottky contacts caused by Gaussian distribution P() b ) with a standard deviation · 0 around a mean barrier height È bo value was suggested by Werner and Guttler 20, 21) and it is expressed by
where the pre-exponential term is the normalization constant of the Gaussian barrier height distribution. The total current I(V) across a Schottky contact containing barrier inhomogeneities at a forward bias can be expressed as
where I() b ,V) is the current for a barrier height ) b at voltage V. By introducing I() b ,V) and P() b ) from eqs. (1) and (7) in eq. (8) the current of the Schottky barrier diode with the modified barrier can be expressed by
where I 0 is the observed saturation current, ) ap and n ap are the apparent barrier height and ideality factor, respectively. The ) ap and n ap are given by 36, 37) 
where μ 2 and μ 3 are voltage coefficients. Equation (9) is the form of eq. (1), but contains ) ap and n ap in the place of ) b0 and n, respectively. Therefore, the fitting of experimental IV data using eq. (9) can still be carried out in the usual way. However, the values of ) ap and n ap derived should be interpreted in terms of eqs. (11) and (12), respectively. It is interesting to note that ) ap depends on the distribution parameters such as È bo and · o as well as temperature. In addition, it is obvious that the existence of · o leads to the decrease in ) ap , which becomes more pronounced at lower temperatures. Figure 6 shows the plots of ) ap versus 1/2kT and ð1=n ap À 1Þ versus 1/2kT for Ti/SOI Schottky diode. The linearity of both plots indicates the temperature dependent IV behavior of the Ti Schottky contact to SOI. This is in good agreement with the recent model which is related to thermionic emission over a Gaussian barrier height distribution. 3537) From the intercept and slope of a linear fit to a plot of ) ap versus 1/2kT (Fig. 6(a) ), È bo and · o are extracted to be 0.87 and 0.11 eV, respectively. The · o is a measure of the barrier inhomogeneity. Namely, the Schottky diode with the best rectifying performance presents the best barrier homogeneity with a lower value of · o . It should be noteworthy that the calculated value of · 0 (0.11 eV) is significant, as compared to È bo (0.87 eV). This implies the considerable existence of barrier inhomogeneity in Ti/SOI Schottky contact. The μ 2 and μ 3 depend on temperature and can be used to quantify the voltage deformation of the barrier height distribution. 19) The μ 2 and μ 3 , extracted from the intercept and slope of linear fit of the plot of ð1=n ap À 1Þ versus 1/2kT (Fig. 6(b) ), respectively, are found to be ¹0.0171 and ¹0.0127 V respectively. In particular, the linear behavior of the ð1=n ap À 1Þ À 1=2kT plot suggests that the ideality factor does indeed express the voltage deformation of the Gaussian distribution of the barrier height. Although ) b (T) in eq. (6) and ) ap in eq. (11) are in the form of linear and inverse functions of temperature, respectively, they show the same temperature dependency () b (T) and ) ap increase with increasing temperature).
As indicated earlier, due to the lateral inhomogeneity of the Schottky barrier, the Richardson constant, extracted from a conventional Richardson plot (Fig. 3) , was much lower than the theoretical Richardson constant. To obtain more reliable value of the Richardson constant by minimizing the effect of Schottky barrier inhomogeneity on the IV characteristics of the Ti/SOI Schottky diode, we employed a modified Richardson plot (Fig. 7 ) using eq. (13) combined with eqs. (10) and (11) as following;
A fit to the modified Richardson plot of ln
2 versus 1000/T should be a straight line from which the slope and y-axis intercept yield the mean Schottky barrier height È bo ðT ¼ 0Þ and the modified Richardson constant A* for a given diode area, respectively. From this plot, the mean Schottky barrier height and the modified Richardson constant are determined to be 0.87 eV and 30.63 A·cm ¹2 ·K ¹2 without using the temperature coefficient of the barrier heights, respectively. The mean Schottky barrier height extracted using the modified Richardson plot is identical to that using the plot of ) ap versus 1/2kT (Fig. 6(a) ). Therefore, the spatial inhomogeneity of the Schottky barrier heights cannot be neglected in the analysis of electrical measurements. In other word, the Gaussian distribution model is one of the possible models to explain the IV characteristics of the Ti/SOI Schottky system.
Conclusions
In the present work, the temperature-dependent IV measurements of Ti/SOI Schottky barrier diode were performed in the temperature range of 175375 K. The Ti/ SOI Schottky contact showed a considerable deviation from the ideal thermionic emission. With increasing temperature, the barrier height increased, whilst the corresponding ideality factor decreased. As considering the values of mean Schottky barrier height (0.87 eV) and standard deviation (0.11 eV) calculated using an analytical model with the Gaussian type of the barrier height distribution, the temperature-dependent behavior of the IV characteristics of the Ti/SOI Schottky contact could be associated with barrier height inhomogeneities at the Ti/SOI interface. A homogeneous barrier height extracted from the linear relationship between the experimental barrier heights and ideality factors was found to be 0.76 eV. Using the modified Richardson plot, the mean Schottky barrier height and the modified Richardson constant were obtained as 0.87 eV and 30.63 A cm ¹2 K ¹2 , respectively. 
